Purpose Perennial crops globally provide a lot of fruit and other food products. They may also provide feedstock for bioenergy and have been, notably to this end, the subject of several LCA-based studies mostly focusing on energy and GHG balances. The purpose of this review was to investigate the relevance of LCAs on perennial crops, especially focusing on how the perennial crop specificities were accounted for in the farm stage modelling. Methods More than 100 papers were reviewed covering 14 products from perennial crops: apple, banana (managed over several years), orange and other citrus fruits, cocoa, coconut, coffee, grape fruit, Jatropha oil, kiwi fruit, palm oil, olive, pear and sugarcane. These papers were classified into three categories according to the comprehensiveness of the LCA study and depending on whether they were peer-reviewed or not. An in-depth analysis of the goal and scope, data origin for farming systems, modelling approach for the perennial cropping systems and methods and data for field emissions helped reveal the more critical issues and design some key recommendations to account better for perennial cropping systems in LCA. Results and discussion In the vast majority of the reviewed papers, very little attention was paid on integrating the perennial cropping cycle in the LCA. It is especially true for bioenergy LCA-based studies that often mostly focused on the industrial transformation without detailing the agricultural raw material production, although it might contribute to a large extent to the studied impacts. Some key parameters, such as the length of the crop cycle, the immature and unproductive phase or the biannual yield alternance, were mostly not accounted for. Moreover, the lack of conceptual modelling of the perennial cycle was not balanced by any attempt to represent the temporal variability of the system with a comprehensive inventory of crop managements and field emissions over several years. Conclusions According to the reviewed papers and complementary references, we identified the gaps in current LCA of perennial cropping systems and proposed a road map for scientific researches to help fill-in the knowledge-based gaps. We also made some methodological recommendations in order to account better for the perennial cycle within LCA considering the aim of the study and data availability.
live for more than 2 years, at least 5 years 1 or simply live for many years.
2 Perennials are either herbaceous which survive winter as underground storage or perennating organs, or woody perennials whose tissues persist above ground. In between, palm trees (Arecaceae) are herbaceous whose tissues also persist above ground. From the point of view of agricultural management, perennial crops mean that (1) the agricultural land allocated to perennials is not or no longer part of the crop rotation during several years, and (2) the cropping system must be planned over years, even decades, considering that some initial parameters such as seedling quality, land preparation, planting density etc., may have long-term or delayed impacts occurring for years after the implementation. Taking palm oil management for instance, the alleviation of stress factors impacts upon yield for the subsequent 40 months (Härdter and Fairhurst 2003) . From the wider perspective of the agro-ecosystem functioning, the specificities of perennial crops also induce long-term complex and evolving interactions with the ecosystem. The expansion of the root system in many directions down to deep soil layers (e.g. the quaternary and ascending secondary roots of palm oil (Härdter and Fairhurst 2003) ) influences both long-term bio-geochemical nutrient cycles and fertilisation strategy. The variations of the soil supply in mineral elements may induce impacts at different time scales, for instance chlorine supply for coconut trees has cumulative effects on the 4-year maturation of the fruits and heightens the trees' sensitivity threshold to water stress over several years (Bonneau 1998) . The resilience of pests and diseases may jeopardise re-planting etc. These examples only give a partial insight into the complexity of perennial cropping systems and their interactions with the ecosystem. In contrast to this high diversity of risks and opportunities, perennial cropping systems usually are over-simplified when assessing their environmental impacts.
The environmental impacts of some perennials have been lately assessed notably in the context of their use as energy crops. Particular assets of perennials that qualify them as good feedstock for bioenergy are their high yields and relative low nutrients requirements (Jorgensen and Mortensen 1997; Lewandowski et al. 2003) . Nevertheless, the environmental impacts of these crops are still debated and need to be better understood (Monti et al. 2009 ). In the bioenergy field, the emphasis has been put on the comparison of greenhouse gas and energy balances or use among diverse fuel sources. To this end, the life cycle assessment (LCA) methodology has been widely used (Farrell et al. 2006; JRC and CONCAWE 2008 ; ADEME 2010) but cultivation was often secondary in bioenergy studies (Monti et al. 2009 ). LCA was originally mostly developed for site-independent industrial productions, which led to many methodological problems for agricultural LCA. In particular, agricultural data sets are time and site (soil-climate) dependent, which implies a great uncertainty in extrapolation of the linear models commonly used in LCA. Case studies and methodological developments have shown how to overcome part of the difficulties in agricultural LCA, notably while better considering the specificities of agricultural systems (Audsley et al. 1997; Basset-Mens et al. 2006; Bessou et al. 2012) or better modelling the impact of land use change (Weidema and Lindeijer 2001; Milà i Canals et al. 2007; Brandão et al. 2011; Brandão and Milà i Canals 2012; Milà i Canals et al. 2012) . However, there are to date no publication referring to methodological developments for a better integration of the agronomical specificities of perennial crops into LCA studies and models.
Beside energy crops, the need to assess the environmental impacts of agricultural crops has also been spreading out to a large range of agricultural commodities. The French Government has recently launched a national programme aiming to label food products with indicators of their environmental impacts (Van der Werf et al. 2010) . LCA is the chosen methodology within this programme as it notably makes it possible to compare the impacts of a same product produced in different regions. Among common food products, a great share comes from perennial crops, such as various fruits, coffee, cocoa, various condiments etc. Palm oil and wine for instance were among the top five exported commodities worldwide in monetary terms in 2008 (FAO-STAT 2008 3 ). Nevertheless, only scarce information is available on the environmental performance of these production systems.
The objectives of this paper are:
a. To assess the state of the art of published LCA studies on perennial crops paying particular attention to the way the agricultural production is considered (methods, assumptions, data origin…) and b. To make some recommendations in terms of scientific challenges for applying LCA to perennial cropping systems 2 State of the art of LCA applied to perennial cropping systems and products
Method of literature review
This review was based on available papers from the literature covering "full" or partial LCA studies for perennial cropping systems. Studies assessing at least four impact categories are considered here as "full" LCA in contrast to those focusing only on energy or greenhouse gas balances. The literature review was done through the following e-resources: the Web of Science, Science Direct, OvidSP and Google Scholar. Research key words were "LCA" or "Life Cycle Assessment" combined with each encountered agricultural product, after a first screening with the keyword "perennial". Among the diversity of perennial cropping systems and products, we could not sink for an exhaustive review of all existing LCA studies, but we tried at least to be exhaustive on the peerreviewed articles on full LCA for the agricultural products found in the literature, i.e. 14 products from perennial crops that were the subject of at least one peer-reviewed LCA study: apple, banana (managed over several years), orange and other citrus fruits, cocoa, coconut, coffee, grape fruit, Jatropha oil, kiwi fruit, palm oil, olive, pear and sugarcane. About 155 references were overviewed. The most relevant publications, roughly 103 references, were classified into three categories: full LCA study published in peer-reviewed journals (39), partial LCA study published in a peer-reviewed journals (46) and not peer-reviewed LCA studies (18). We did not aim at reaching an exhaustive inventory of papers in the last two categories, which were seen more as complementary information to the papers falling in the first category. The remaining 52 references were interesting papers on the methodological aspects of an application of LCA to cropping systems that were also included in the analysis. Full LCA studies were analysed in depth considering five key aspects:
-Goal and scope -Data origin for farming systems -Modelling approach for the perennial cropping systems -Methods and data for field emissions -Selected impact categories and methods and life cycle impact assessment (LCIA) results
Partial LCA studies were also analysed for their possible methodological interest regarding the modelling of perennial cropping systems in LCA, especially when full LCA studies were lacking. Finally, a particular focus was put on cradle-to-farm-gate LCA studies. An overview of 70 full and partial peer-reviewed LCA studies is presented in Table 1 with relevant information on key parameters. To limit the length of Table 1 , not all the reviewed partial LCA studies are presented (notably on sugarcane and palm oil), although they were included in the analysis.
General overview of selected papers

Goal and scope
Defining the goal and scope is the first step of a LCA and can be seen as the most important one, since it defines initial and critical choices that determine the working plan of the entire LCA (Guinée et al. 2001; Jolliet et al. 2005) . The goal and scope phases of 70 in-depth reviewed papers are listed in Table 1 . Overall, LCAs are quite recent. The oldest referred full LCA studies were published in 2003. It reveals the relative recent use of LCA methodology within the frame of environmental assessment of agricultural products. In particular, LCA has become a commonly used methodology to assess the greenhouse gas (GHG) and energy balance in the field of bioenergy. Most LCAs on Jatropha oil, palm oil and sugarcane essentially aimed at comparing bioenergy systems based on these products with other energy sources and are partial LCAs. Roughly 60 % of these studies are partial LCAs. In the case of palm oil, 74 % of the reviewed studies assess palm oil-based bioenergy impacts. Among the rest of reviewed LCAs, the proportion of partial studies is lower (~50 %), but again partial LCAs particularly focus on energy and GHG balances.
The geographic scope of the studies is representative of the current world supply share. As an example, among the 27 studies on palm oil 22 studies are located in South East Asia, the main world supply region, the last ones being focused either on South America ( Koch 2003; da Costa et al. 2006; Angarita et al. 2009; de Souza et al. 2010) or Africa (Martinez et al. 2010; Achten et al. 2010b ). The geographical coverage of studies on Jatropha is more disparate (India, Thailand, China or Ivory Coast) since the production is more prospective. LCA on cocoa is based on a Ghana data set, and LCAs on coffee are based on data sets from Brazil, Colombia and Vietnam, three of the main producing countries. One LCA on banana from Costa Rica and Ecuador was reviewed. Finally, LCAs on apple, citrus, grape, olive, pear and kiwifruit are mostly related to product systems in temperate countries, except for one study on Brazilian citrus (Coltro et al. 2009 ).
System boundaries vary a lot within and among product chains. For transformed products, such as palm and Jatropha oils, coffee, cocoa or sugarcane for instance, the system boundaries include some industrial stages, being so-called "cradle-to-mill gate" assessments. Within these "cradle-togate" assessments, variations are related to whether the product chain includes import/export (Ramjeawon 2004) or focuses on some specific aspects of the transformation such as comparative processes or packaging (Humbert et al. 2009; Busser and Jungbluth 2009a, b; Contreras et al. 2009 ). In the case of coffee, two of the LCAs include distribution and consumption steps, due to the interest of the coffee industry in comparing different forms of packaging/consumer behaviour combinations (e.g. ground, instant, capsule coffees). A majority of studies on Mediterranean horticultural products also cover systems wider than the farm, including processing and distribution steps. The fragile status of fresh fruits and their possible destruction after farm gate have implications on their life cycle and corresponding environmental impacts. This makes the inclusion of postfarm gate processes important to include if the objective is to understand the global impact up to consumption. In the To compare PME with rape seed methyl ester (RME) "land and water" in Impact assessments column mostly consists in land occupation in square meters per year (no other land use impact is included except where specified into brackets) and water consumption in cubic meters (mostly "blue water") FS field survey with or without complementary data sources, DB data base/literature only, PA physical allocation by mass (m) or energy (e), EA economic allocation, SE system expansion, HDV heavy-duty vehicle, LDV light-duty vehicle fresh fruit LCAs, the quality of the food products is considered for fruits eaten raw and dedicated to export (Milà i Canals et al. 2006; Sim et al. 2007 ). In the case of agricultural production for energy purpose, some LCAs include the use of the resulting bioenergy, being so-called "cradle-tograve" assessments or "cradle-to-wheel" in the case of biofuels. For palm oil for instance, almost half of the reviewed bioenergy LCAs are "cradle-to-wheel" assessments including the transformation of palm oil into biodiesel and its consumption by varying vehicles, although only two studies encompass a specific assessment of exhaust gases in Malaysia (Choo et al. 2011) and Thailand ). The vast majority of the studies reviewed (73 %) do not include the impact of land use change. This proportion is lower in the case of palm oil (42 %) for which different approaches were used, either the IPCC guidelines (2006), carbon debt (Gibbs et al. 2008) or other methods (Henson 2004; Achten et al. 2010b) . Among the studies considering land use changes, only one assesses the indirect impacts (Schmidt 2007) . Across the commodities, very few studies are "cradle-tofarm gate" assessments that specifically assess the impacts of varying agricultural managements on the environment. These studies provide a more detailed description of cropping systems (Sanjuán et al. 2005; Mouron et al. 2006a) ; in particular some studies (~10 % of reviewed studies) specifically aimed at comparing agricultural practices or producing data sets at the regional level to serve as references for derivative products (Coltro et al. 2006; Schmidt 2007; Zulkifli et al. 2009; Renouf et al. 2010) .
Most studies (90 %) do not include capital goods or human labour. Exceptions are the study from Angarita et al. (2009) that includes both of them, and two studies including worker transportation (Harsono et al. 2012) or human labour (Ndong et al. 2009 ). Only in the latter study does human labour contribute significantly to the impacts due to very low-tech production systems. Some other studies include capital goods either fully (Milà i Canals et al. 2006; Schmidt 2007; Renouf et al. 2008; Luo et al. 2009; Achten et al. 2010a; Ju and Chen 2011; Renouf et al. 2010; Choo et al. 2011) or partially (Gmünder et al. 2010 ).
In the case of industrial transformed products, there is quite a clear consensus on using system expansion regarding the residues used to provide energy within the mill (shell and fiber, sugarcane bagasse) or the by-products used as fertilisers (empty fruit bunches, palm oil mill effluent, sugarcane filter cake or wastewater). System expansion is indeed very intuitive when dealing with co-products that are directly valued within the production system. However, the handling of co-products going outside of the production system is more diverging and not always clearly stated. In some studies, the allocation ratios vary with the type of coproduct. In the case of palm oil, there are ratios on mass, economy or energy values for kernel oil, palm stearin or glycerin; respectively (Papong et al. 2010) . Across product chains, allocation is primarily based on economic ratio. It is especially true for fruits produced in temperate region such as apple or grape. However, in the case of LCAs of bioenergy chains, mass or energy ratios are more dominant. In other studies, allocation is either not considered or no clear allocation rules are specified. Overall the large variations in system boundaries and co-product allocations make it very difficult to compare the studies.
Key findings and contribution analyses
As already mentioned, the system boundary varies a lot among the reviewed studies for each crop and the lack of transparency behind aggregated data makes any attempt to compare their results highly hypothetical, even when focusing on the impact of global warming, which was the only impact assessed in most studies. Furthermore, among the studies that assess a wider range of environmental impacts, applied methods also vary (see Table 1 ). Still, general tendencies can be identified, first across the reviewed studies, then for some crops individually.
Across the studied crops, the farm stage globally is a main contributor to the following impact categories: global warming, eutrophication and toxicity impacts. Even in the studies with a wide scope, such as the three studies on coffee in which the consumption stage is more impacting, or some studies on fruits with high impacts of the industrial stage (Salomone 2003; Cappelletti et al. 2010; Humbert et al. 2009; Busser and Jungbluth 2009a, b) , the farm stage remains of paramount importance regarding these impact categories. Exceptions may be coconut, for which the impact of the farm stage was considered in the two studies as negligible due to no mechanisation and no chemical use (Hirsinger et al. 1995; Tan et al. 2004 ). The hotspots of emissions contributing to the three above-mentioned impact categories are the production and use of fertilisers, notably for global warming and eutrophication, and pesticide and fertiliser uses for their toxicity impacts. These hotspots show how low-tech farm stages can still greatly contribute to such impact categories, sometimes as unintended consequence of government policies to increase yields through subsidised use of chemicals (Ntiamoah and Afrane 2008) .
Taking a closer look at palm oil, the farm stage contributes to the major part of all potential impacts (Yusoff and Hansen 2007; Arvidsson et al. 2011) , except for respiratory inorganics primarily due to boiler emissions in the mill (Yusoff and Hansen 2007) . The large contribution of the farm stage is due to the combined effects of (1) high chemical and energy inputs in the field and subsequent field emissions, and (2) a comparatively low fossil energy use in the mill due to the recycling of crop residues as fuel. This large contribution of the farm stage is not significantly reduced when including the refinery stage Choo et al. 2011) . However, the farm stage contribution to total fossil fuel use decreases when including the conversion of palm oil into biodieselthis effect is also observed in the case of Jatropha oil (Ndong et al. 2009; Achten et al. 2010a; Angarita et al. 2009; Choo et al. 2011; Papong et al. 2010; Prueksakorn et al. 2010; Arvidsson et al. 2011) . Focusing on the impact category of global warming, main contributors also are GHG emissions during the agricultural production and methane emissions from palm oil mill effluent treatment (POME) (Schmidt 2007; Choo et al. 2011) . Nevertheless, the impacts from POME can be drastically reduced if the biogas is captured at the mill (Chuchuoy et al. 2009; Choo et al. 2011 ) and the contribution of the mill stage becomes even smaller if this biogas is used to fuel the mill (Chavalparit et al. 2006) . Conversely, field emissions dominate as soon as emissions due to land use change are included in the life cycle inventory (LCI), especially when forests or peat lands are converted (Schmidt 2007; Reijnders and Huijbregts 2008; Wicke et al. 2008; Zulkifli et al. 2009 ).
When focusing on fruits produced in temperate regions, the farm stage moreover greatly contributes to two other impact categories, fossil energy/abiotic depletion and water use (Avraamides and Fatta 2008; Beccali et al. 2009; Gazulla et al. 2010; Cappelletti et al. 2010 ). These two categories are partly related since the irrigated cropping systems use more energy. When looking at the cradle-tofarm-gate stages, fertiliser production and use, plant protection product use and irrigation systems consistently appear as hot-spots. An original insight is given by Avraamides and Fatta (2008) regarding the important contribution of pruning to GHG emissions (pruning is responsible for 10 % of total fossil fuel use) and the main contribution of residue burning to human toxicity impact. The fate of crop residues in the life cycle of perennial cropping system would deserve more attention, considering the impacts related to both the industrial processes involved in residue management (such as pruning, composting, burning etc.) and the microbial processes involved in residue decomposing when these are landfilled or recycled for instance (Avraamides and Fatta 2008; Macedo et al. 2008) . Several cradle-to-farm-gate LCA studies (Sanjuán et al. 2005; Milà i Canals et al. 2006; Mouron et al. 2006a; Sim et al. 2007; Cappelletti et al. 2010) observe the influence of the variability of farming systems and of the farmers' management on the results (Mouron et al. 2006a ). Conclusions show that growers' techniques/farming managements exert a considerable influence on LCA results (Milà i Canals et al. 2006) , highlighting the importance of producing more specific data for agricultural productions in their context (Sanjuán et al. 2005) .
Methodological issues
Several methodological issues were stressed by the authors. The first issue relates to the choice of the life cycle impact assessment method. LCIA methods appear to be consistent regarding global warming, which is assessed following the IPCC Tier 1 method, a linear model consistent with the LCA marginal approach at a global level. However, not all studies refer to the same version of the IPCC global warming equivalent factors. Apart from this impact category, LCIA appears to be slightly inconsistent regarding eutrophication and acidification, and severely inconsistent when assessing toxicity impacts. A sensitivity analysis on palm oil LCA (Schmidt 2007) showed that "because of the very significant differences between the results and contributors in the LCIA methods, the results obtained for ecotoxicity are regarded as extremely uncertain and almost useless". Moreover, the ecotoxicity characterisation is highly dependent on the compartment towards which fluxes are oriented (Schmidt 2007) . Results of end-point assessments vary depending on the chosen method, which jeopardises the consistency across these methods and the comparison between studies. "Normalising and weighting the characterised results using EDIP97, Impact2002+ or EcoIndicator point at different impact categories as the most significant" (Schmidt 2007) . Moreover, the relevance of using European weighting and normalising factors is questionable in the case of tropical productions, which actually represent a great part of agrifood products from perennial cropping systems. Because of these methodological uncertainties, although general conclusions might not be affected, it is noted that specific result values should be considered with caution especially when comparing studies or for decision making (Yusoff and Hansen 2007) .
Water consumption is hardly considered across the reviewed studies. In about one third of the reviewed studies, some figures on water consumption at agricultural or industrial stages are given but mostly without specifications on the used inventory methods. Across the studies on palm oil and Jatropha oil, when water use is explicitly mentioned, notably at nursery stage (Choo et al. 2011) , it then contributes to energy consumption but does not appear as an impacted resource Prueksakorn et al. 2010 ). Yet water use is emphasised by several authors (Sanjuán et al. 2005; Sim et al. 2007; Beccali et al. 2009; as a key aspect to be included in LCA studies and which would need further development. The need for irrigation in perennial cropping systems especially in Mediterranean countries represents a specific and new issue for LCA compared to more common LCA literature dedicated to annual crops in temperate regions. Another important methodological problem is the uncertainty attached to the modelling of toxicity impacts, sometimes used as a explanation for non-inclusion (Gazulla et al. 2010) or for exclusion from the normalised results for marine aquatic toxicity (Sim et al. 2007 ). Finally, the importance of including biodiversity aspects but also other dimensions of the sustainability framework such as socio-economic ones is highlighted by Sim et al. (2007) . Only one detailed study on palm oil assesses the impact of land use on biodiversity (Schmidt 2007) . This study reveals though that the actual methodology to assess the impact on biodiversity through the sole number of vascular plants that are prevented from existing on the studied area induces some bias. First, the methodology attributes the same weight to all vascular plant species, not allowing for a differentiation between regions with mostly uninteresting common species or with more diverse species. Moreover, the ecosystem vulnerability is determined according to each country size. Therefore, small countries may be disadvantaged, whereas a same weighting factor for all regions would better emphasise the intrinsic value of biodiversity rather than a vulnerability related to spare land (Schmidt 2007) .
3 Special focus on the farm stage
Data origin for cropping systems
Considering the large contribution of the farm stage to the LCIAs, it appears crucial to describe well the farming system and the subsequent data inventory. However across the studies, attention given to describing the crop management and to ensuring that data are comprehensive and representative of specific cropping systems is highly variable. Across the commodity chains, data for cropping systems often originated from diverse compiled sources. The description of farming systems was either based on data surveyed directly by the authors in small samples of farm (Milà i Canals et al. 2006; Sim et al. 2007; Schmidt 2007; Angarita et al. 2009; Achten et al. 2010a; Gmünder et al. 2010) or large ones (Mouron et al. 2006a, b; Avraamides and Fatta 2008; Coltro et al. 2006; Prueksakorn and Gheewala 2008; Zulkifli et al. 2009; Ndong et al. 2009; Papong et al. 2010; Cappelletti et al. 2010; Choo et al. 2011) , or derived from more theoretical or generic sources such as national statistics, reports, literature and expertise (Sanjuán et al. 2005; Ntiamoah and Afrane 2008; Beccali et al. 2009 ). In most cases, both sources of data (primary and secondary) were combined for modelling the farming system. For certain studies however, the methods and data used for the description of the farming systems were rather vague and lacked transparency (Salomone 2003; Sanjuán et al. 2005; Beccali et al. 2009; Gazulla et al. 2010) , in particular regarding agricultural machinery use, irrigation, or were completely absent (Sim et al. 2007 ).
Half of the reviewed studies were based only on secondary data, i.e. statistics and published literature. Data based on national statistics may be assumed to be representative of a typical cropping system in a country or a region. Yet no discussion on representativeness and variability was included in those reviewed papers which combined statistics and scientific literature as their main sources of data for the farm stage (Salomone 2003; Ntiamoah and Afrane 2008; Humbert et al. 2009; Busser and Jungbluth 2009b) . Most of the studies (80 %) did not aim at investigating a specific agricultural practice but rather at evaluating the environmental impacts of a commodity chain for a country or for a region of high production (aggregating for instance irrigated and non-irrigated area, mineral and peat soils…). As a result spatial discrepancies and temporal variability over the perennial cycle are aggregated into the median data used. However, in some more detailed papers (Coltro et al. 2006; Milà i Canals et al. 2006 ), a discussion on farming system diversity and representativeness was present and confirmed a wide range of agricultural practices (in terms of farm size, amounts of fertilisers and pesticides applied etc.). Unfortunately, in most cases, data were aggregated and did not allow for enough transparency to assess suitably the detailed impact of the diverse agricultural operations. In particular, the diversity of systems surveyed is smoothed out through a compilation of an average set of single-valued parameters, rarely accompanied with indications of the range of variations (e.g. record of maximum and minimum values). This set of mean values without further statistical parameters does not allow for any assessment of the uncertainty linked to the variability of cropping systems.
Modelling approach for perennial crops
Most of the reviewed LCA studies (70 %) assess perennial systems in the same way as annual crops (88 % of the studies if palm oil is excluded) i.e. the inventory of farming system data is mostly based on one productive year, being the year of the investigation or the available data. Intrinsically, and without further explanation from the authors, collected data are representative for only the full productive years and do not account for the non-productive years at the beginning of the farm stage, or for the decreasing productivity at the end of the crop cycle. Many studies did not even specify the observed or common crop cycle length (65 % of the studies if palm oil is excluded). As for annual crops, this limited data collection does not ensure a good representativeness of the LCA results due to natural, mainly climatic, variability. For perennial crops, the resulting uncertainty is further increased since their agricultural performance is also closely linked to the age of the plants, the development of rhizomes, and to phenomena such as biannual yield alternation for instance. Nevertheless, the consequences of choosing one single year for the study are generally not discussed. Some studies proposed average data collected over several inventoried years. However, in these cases only productive years were considered. Overall, attempts were made by several authors to capture the spatial or temporal variability of farms (Milà i Canals et al. 2006; Mouron et al. 2006a; Sanjuán et al. 2005; Avraamides and Fatta 2008; Cappelletti et al. 2010 ), but more detailed considerations of the specificities of perennial cropping systems for LCA modelling and results (tree planting, growing phase, yield variability over time) were ignored in the majority of the reviewed studies. In some cases, this shortcoming is partially smoothed out for LCA studies that consider average data from large areas: it is then more likely that the geographic coverage implicitly allows for an even-age distribution of the perennial plants, including non-productive years. This expedience may be observed for crops developed on very large land areas, such as palm oil, sugarcane or grape, with most relevance in the case of sugarcane, due to its relative short crop cycles (4-7 years), whereas for palm oil or grape the effect may be more limited due to the longer crop cycles. In any case, it is often quite unclear if and how unproductive phases are taken into account, although nursery, planting and immature phases may represent non-negligible amounts of the water and fertilisers used over the whole cycle.
In a few studies, more attention has been paid to modelling the perennial crop cycles (Mouron et al. 2006a; Schmidt 2007; Choo et al. 2011) . First, these studies clearly stated the aim to include each step of the perennial cycle, or at least most of them: nursery, planting, growing phase, mature phase and end of life. Each phase then referred to a specific model and specific data, leading to an overall model which was very accurate but also very data-intensive. From this aspect, the LCA study on apple cropping systems in Switzerland by Mouron et al. (2006a) provides a high level of detail, with the average productive phase based on a 4-year survey of 12 productive orchards (age range from 4 to 15 years), and the inclusion of non-productive phases: tree nursing, planting and 3 years for orchard establishment. The end of life of the orchards though was not mentioned. Encompassing the different crop cycle phases is also applied in several LCA studies on Jatropha (Prueksakorn and Gheewala 2008; Ndong et al. 2009; Prueksakorn et al. 2010) . In those cases, the authors made use of different types of data for the different phases: experimental data from the nursery to the growing phase and prospective data for the mature phase. Finally, in the case of palm oil, especially in recent years, more attention has been given to the length of the crop cycle and to a differentiation between immature and mature phases. Some studies include the nursery stage and consider averaged yields over the whole crop cycle including the immature phase (Chen 2008; Wicke et al. 2008; Zulkifli et al. 2009; Choo et al. 2011; Chuchuoy et al. 2009; Harsono et al. 2012; Hassan et al. 2011) . Fewer studies also present a detailed approach of the perennial cycle with data for each year (Schmidt 2007; Achten et al. 2010b ).
In the study of Schmidt (2007) , the perennial cycle was handled considering a theoretical even-age distribution of palm trees across a virtual plantation. Each phase of the crop cycle was accounted for, proportionally to its duration in the crop cycle length, except for nursery that was considered negligible. In this study, the inventory of each phase was consistently described and the fruit yield per hectare was explicitly adjusted to account for less productive phases.
In conclusion, across the commodity chains, very few authors proposed a methodological approach to deal with the perennial crop cycle. Instead, in the large majority of reviewed studies the problems of describing a whole perennial crop cycle are approximated by the decision to include, or not, some of the non-productive phases within the system boundary, without addressing the methodological issues of temporal and spatial representativeness of collected data. Besides, Mithraratne et al. (2008) also highlighted other important methodological issues linked to the application of LCA to perennial cropping systems notably the variability of yield and practices in the course of the plantation lifetime, due to updated government recommendations, change of owner etc, and the potential importance of changes in soil carbon stocks in relation to greenhouse gas emissions when orchards are being established.
Methods and data for field emissions
In this part, we analyse the quality and comprehensiveness of the inventory of field emissions in the selected studies. The emissions of concern are the following nitrogen substances (NH 3 , NO 3 − and N 2 O), phosphorous substances (phosphate and particulate P), CO 2 and CH 4 , pesticides and heavy metals. First of all, it is important to note that a large majority of papers give limited details on which emissions are accounted for and how, with about half of the studies providing almost no information on the methods and data used for estimating field emissions. After a thorough analysis but with some caution, it appears that the most frequently included emissions are nitrate leaching and nitrous oxide emissions to air (for about 85-90 % of the papers). The least included substances are heavy metals (25 %) and NO x (50 %). Ammonia, phosphorous and pesticide emissions show an intermediate treatment, being quantified in about 60 % of all studies. Several general guidelines for estimating field emissions in LCA are primarily cited, including the successive IPCC reports up to 2006, Audsley et al. (1997) , the successive reports from the ART team (Nemecek and Kägi 2007) and several papers from Brentrup and colleagues (2000) . For pesticide emissions, the most cited reference is that of Hauschild (2000) . These general guidelines themselves refer to methods and emission factors developed most of the time in other more specific studies. A few LCA studies refer directly to other LCA studies on similar products for their methods and data for estimating field emissions: Gazulla et al. (2010) is based on Milà i Canals (2003) while Arvidsson et al. (2011 ) cite Schmidt (2007 . Certain studies use the IPCC guidelines to estimate all the main fluxes to the environment at the field scale (Achten et al. 2010a; Ramjeawon 2004 Ramjeawon , 2008 Mashoko et al. 2010 ). Finally, a few studies only refer to punctual and disperse references picked up in the literature (Sanjuán et al. 2005; Beccali et al. 2009 ).
Except for the IPPC reports that contain emission factors for temperate and tropical regions, all other guidelines compile methods, equations and emission factors obtained mostly under temperate conditions and for arable crops. No discussion is generally made on the validity of using such methods for an application to perennials in tropical countries and no explanation is given on the way they were possibly adapted.
Eight studies among 39 full LCAs present a comprehensive inventory including all key field emissions as quoted above and sufficient detail on the methods used (Milà i Canals 2003; Milà i Canals et al. 2006; Mouron et al. 2006a; Avraamides and Fatta 2008; Schmidt 2007; Renouf et al. 2008 Renouf et al. , 2010 Achten et al. 2010b) . These comprehensive studies correspond either to Ph.D. theses or to large projects with detailed reports available on internet (Avraamides and Fatta 2008; Achten et al. 2010b) . In most Ph.D. theses, specific methodological developments are proposed on the estimation of field emissions for the studied systems. Milà i Canals (2003) proposed a refined assessment of the pesticides fractions that reach each environmental compartment by adapting the method from Hauschild (2000) to orchards in New Zealand using local research data and references. Renouf et al. (2010) used field measurement trials and simulation modelling undertaken for Queensland sugarcane. For instance, the direct N 2 O emission factors used in her study are higher than the generic figure of 1.25 % recommended for the national GHG inventory. This is due to field sugarcane being grown in conditions conducive of high rates of denitrification (high N availability, high soil moisture, high temperatures and the presence of organic matter). Schmidt (2007) proposed an approach based on a complete N and P budget adapted to a perennial crop. This budget approach allows in principle for an exhaustive inclusion of all N fluxes, including N input from legumes cultivated during the immature phase of the plantation, contribution from the organic matter decomposition from cut trees, crop residues and thinning waste. However, the references used to compile the different elements of the budget are neither all consistent nor adapted to palm oil plantations in Malaysia and may lead to important uncertainties on the results, especially for those elements such as nitrate leaching, which are estimated by difference between N inputs and N outputs.
The inclusion of emissions linked to land use and land use change (LULUC) is almost absent from the LCA studies analysed here, except for palm oil and in a few studies focused on carbon footprint (Schmidt 2007; Page et al. 2011; Siangjaeo et al. 2011) . The potential importance of including soil carbon change in the GHG emissions in relation to the establishment of the orchards was also highlighted by Mithraratne et al. (2008) in their report on the carbon footprinting for the kiwifruit supply chain (from permanent pasture to a kiwifruit orchard). In the case of palm oil, as for any crop that may be grown after tropical forest land clearing, it was shown that emissions due to land use change may contribute to a great extent to field emissions and overall global warming impact (Germer and Sauerborn 2008; Wicke et al. 2008; Harsono et al. 2012) . Recent studies notably considered the amount of CO 2 emissions due to direct land use change, and more specifically due to the loss of CO 2 from soil when planting palm oil trees on peat soils (very high organic matter content) (Schmidt 2007; Wicke et al. 2008; Lam et al. 2009; Yee et al. 2009 ). However, emissions due to land use and land use change were not always included in the assessment for mainly two reasons. First, national average-based LCAs for palm oil aimed to assess the potential impact of current plantation in countries where palm oil already is in third or fourth generation. In these countries, Malaysia or Indonesia for instance, palm oil cultivation was considered to follow palm oil and the land use is either not considered or only qualitatively assessed within scenarios for plantation expansion (Yusoff and Hansen 2007; Choo et al. 2011) . The second reason lies in the lack of international consensus on key parameters especially for perennial cropping systems. These parameters concern (1) the carbon stocks of different land uses and cropping systems, and (2) the time period for the amortisation of field emissions due to land use change, which strongly impacts the greenhouse gas balance (Wicke et al. 2008 ). As mentioned earlier, different approaches can be used to assess LULUC impacts, either the IPCC guidelines (2006), carbon debt (Gibbs et al. 2008) or other methods (Henson 2004; Achten et al. 2010b; . Objectives and precisions of these methods are highly variable. None of the reviewed studies thoroughly assessed all potential field emissions linked to LULUC.
Overall, it is difficult to evaluate the quality and completeness of the inventory of field emissions in the reviewed studies. However, one can note that almost all studies correspond to measurements or parameterised equations obtained for annual crops in temperate regions. The possible influence on field emissions of the key characteristics of perennial crops in general such as their spatial structure (with rows and inter-rows), the nutrient recycling efficiency through rhizomes or highly developed root systems, or the use of irrigation, notably in Southern regions, are disregarded. Therefore, more research is needed to verify the quality and comprehensiveness of field emissions assessments, since the farm stage of food and energy crops is a major contributor to several impact categories. The issue of the carbon cycle for perennials is also specific and generally omitted from the analysis, as well as emissions due to land use change which can have a critical importance for certain tropical crops, e.g. those expanding on peat land or forest land.
Main challenges and recommendations
4.1 Integrating the perennial crop cycle within LCA Cultivation of perennials differs from that of annuals in several aspects which may drastically influence the environmental impacts and their estimation. For a decade or so, LCA methodology has been adapted for agricultural products to account better for site dependency and agricultural practices, intrinsically focusing on annual crops. Accuracy in encompassing the spatial and temporal scopes of perennials will depend on both the objectives of the study and the data availability. Given the duration of perennial cropping systems, it is not easy and sometimes even impossible to gather data for the whole cropping cycle. Either technical data have not been recorded since the planting of the perennials, or the plantation is too young to reflect all the production stages, such as the decline in crop yield at the end of the cycle. Finally, the availability of data for various stages will also depend on the structure and size of the plantation. Small scale plantations (<10 ha) are usually managed by farmers who are likely to conduct their first generation plantation without any prospective view on the whole crop cycle. Conversely, large-scale industrial plantations consist more often of several plantation blocks of different ages, among which some may be already in second or later generation of production, i.e. after felling and replanting. We suggest that every stage of the perennial cropping cycle should be encompassed. Where primary data are not available, secondary data should be used instead. We particularly emphasise that (1) nursery stage should be included in LCA, although its relative contribution may be negligible (Schmidt 2007; Choo et al. 2011) , and (2) using an average yield that does not account for unproductive stage (immature phase) or for any decline in production at the end of the cycle should be considered as a last resort. We first argue that nursery is a fundamental input to the plantation (Cerutti et al. 2011) . The contribution of the nursery stage to total impacts may be limited depending on the planting density and the duration of the cropping cycles, but for the purpose of comparability between perennials, nursery stage should be included. Moreover, the quality of seedlings and hence the nursery management predetermine the productivity of the plantation over the whole cycle (Cochard et al. 2001; Harsono et al. 2012) . Some impact categories may be more important at nursery stage, although the total contribution of nursery stage remains limited due to the high productivity of nursery per hectare. It is notably the case of pumped water consumption per tree during palm oil nursery stage in countries where plantations are not irrigated such as Indonesia for instance. For some other perennials, nursery stage and planting material have a tremendous impact on the implementation costs, so that the economic decision can become a key factor and should be combined with environmental considerations (e.g. Miscanthus rhizome: Jorgensen and Mortensen 1997; Lewandowski 1998) . Finally, where data on nursery stage are not available a fraction of field production impacts can be used as a proxy considering the theoretical duration and plant capacity of nursery.
We here propose a methodological framework to account better for the duration of perennial cropping systems and its implications in terms of spatial and temporal scopes. We defined three approaches to model the perennial crop cycle: (a) spatial, (b) modular and (c) chronological assessments. In the spatial assessment, the perennial system is captured from an area representative of the whole cycle. In the modular assessment, each stage is modelled independently. The chronological assessment consists in describing the whole cycle following the historical course of the crop development. The choice between these approaches will depend on the study objectives and the data availability. Figure 1 proposes a decision tree to choose the most appropriate approach.
The pathways by default, i.e. where data are missing, mostly lead to a modular assessment which can be considered as the minimum requirement to account for the perennial cropping cycle. In other cases, more sophisticated approaches could be used and should be justified according to the study objectives. On the other hand, when assessing the impacts of management changes occurring at one stage of the crop cycle, the LCA may be focused on just one stage for comparison purposes provided that (1) it can be proven that changes at this stage do not have repercussions on the other stages, and that (2) it is clearly stated that it is not the perennial crop product but the management practice for one particular stage that is under scrutiny.
Improving the methods and data quality for field emissions
Field emissions are subject to an intrinsic large uncertainty due to their high variability in space and time. Operational models such as IPCC Tier 1 only provide a rough estimate of these emissions based on a range of data that only cover part of this variability. Hence, these statistical models are merely indicative for conditions which were not represented in the used data sets. It is particularly true for perennial and tropical cropping systems. Despite an exhaustive data collection of N 2 O and NO x field emissions all over the world that was carried out to reduce the uncertainty in the statistical model used in IPCC Tier 1, subtropical and tropical systems remain clearly underrepresented (Bouwman et al. 2002; Stehfest and Bouwman 2006) . Moreover, although "crop type" appeared to be a controlling factor of N 2 O emissions in agricultural field, no "crop type" for perennial crops could be identified and assessed. If perennial crops were represented, they were considered together with "Other crops" besides "Grass" or "Wetland rice" (Stehfest and Bouwman 2006) . As in this example, other operational models such as SALCA-N (Richner et al. 2006) or SALCA-P (Prasuhn 2006) used by Ecoinvent to estimate field emissions of reactive nitrogen or phosphorus, are lacking representative data for perennial crops and tropical regions for their calibration. Research is therefore needed to produce data sets on perennial cropping systems and their field emissions in order to account better for perennial crops in existing operational models.
In the same vein, specific development of process-based models for perennial cropping systems could allow for more accuracy in estimating field emissions. For at least 30 years, process-based models have largely been developed, which account for both local conditions and agricultural management, and estimate both yields and polluting emissions to the environment. For agricultural LCAs, such models can help compile inventory data that are consistent with the local environmental conditions and agricultural management. Nevertheless, up to now only few process-based models have been specifically developed for perennial agro-ecosystems (OPRODSIM by Henson 2005; ALMANAC by Kiniry et al. 2005 ; MISCAN-FOR by Hastings et al. 2009 ). In particular, the mechanistic approach for crop growth modelling relies on parameters such as light interception, photosynthesis type and the response of plant development to temperature, weighted by nitrogen or water stress indices. Re-mobilisation of nutrients within the plant especially towards and from rhizomes for some perennials is still not commonly modelled, notably due to numerous experimental constraints when aiming to characterise the development and functioning of rhizomes.
As long as models, process-based or operational ones, are not calibrated for a given crop and the local conditions of the cropping system, the only option to improve data quality in LCIs remains the collection of representative and detailed primary data. Field measurements may be also relevant especially for critical variables, e.g. biomass stock, field emissions etc. The sampling size and its spatial and temporal representativeness should be stated. Data sets should Block means a unit of plantation with a unique planting date, planting material from the same origin, and homogeneous climatic and edaphic conditions. Representative crop cycle stages generally encompass immature phase, productive phase, and declining production phase but it may vary with the perennial crop describe the functioning of the agro-ecosystem as much as possible and cover several years, if not the whole cycle, to account for at least part of the natural seasonal variability. ISO norms already contain specific requirements in terms of data quality, but most reviewed LCAs did not provide information regarding the quality of data used. It should be here emphasised that information on the statistical relevance of data used to represent the temporal and spatial functioning of the cropping cycle is paramount to assess the uncertainty linked to the modelling of the perennial cropping system.
Taking into account the impact of land use and land-use changes
In recent years, integrating LULUC into LCA has been an increasing issue for agricultural-based product assessments (Searchinger et al. 2008; Fargione et al. 2008; Reinhardt and von Falkenstein 2011; Milà i Canals L et al. 2012) and an important field of research for LCA methodology (Lindeijer 2000; Weidema and Lindeijer 2001; Milà i Canals et al. 2007; Müller-Wenk and Brandão 2010; Brandão et al. 2011) . Due to long growth cycles, perennial crops are very distinct from annual crops in terms of potential impacts related to land occupation and land use change. Despite the recent focus on LULUC and the particularities for perennial crops in that matter, only a few of the reviewed papers attempted to address specifically this issue in LCAs of perennial crops (Schmidt 2007; Wicke et al. 2008; Achten et al. 2010b; Siangjaeo et al. 2011) . It could be due to both a lack of clear consensual methods to account for LULUC in LCA and a lack of data and knowledge to model comprehensively the impacts.
In terms of land use, LCA methodological developments have focused on accounting for the impacts of land management on biodiversity and soil quality, i.e. on the maintaining of soil function potentials. Commonly studied impact mechanisms include land use effects on species diversity (Koellner and Scholz 2008) , soil erosion, soil organic matter changes, soil tillage and soil carbon stocks. Difficulties in appraising these mechanisms and quantifying the impacts to be modelled in LCA are due first, to the intrinsic complexity of soil and involved processes (physical and biological interactions, antagonist or reversible dynamics, varying timeframes etc.), and second, to a consequent lack of harmonisation of the parameters to be assessed (soil type, soil depth, soil resilience etc.). In these matters, the lack of fundamental understanding of processes and the lack of data are particularly severe in the case of perennial crops compared to annual crops or grasslands. Large research efforts are needed to assess, quantify and model the impacts of agricultural management on perennial stands and soils in perennial cropping systems. In particular, emphasis should be put on characterising the biomass stands (above-and belowground) and the dynamics of soil cover and organic matter pools in relation with agricultural management, e.g. organic fertilisation, pruning, reduced soil tillage or patterns of pesticide application. When field data are not available, biomass stocks and stock durations should be quantified according to IPCC guidelines and upcoming ISO 14067. Such generic data do not cover the high diversity of perennial cropping systems and may be not relevant for a specific crop and a given management. However, information is still missing on important factors for perennials such as the root biomass, or the impact of management on biomass degradation and soil organic carbon under long-term stands. Field experiments and modelling works are highly needed in order to develop a robust framework for carbon cycle modelling in LCAs of perennial crops.
In terms of land use change, issues in assessing the impacts in LCA are double: (1) identifying the potential direct and indirect land use changes, and (2) quantifying the associated transformation impacts. Both issues mean to deal with specific challenges:
1. Difficulties related to the identification of LUC depend on the type of LUC. For direct LUC, they are mainly technical and depend primarily on the availability of longterm data sets. When available, precise site-dependent databases or from historical GIS records may help identify LUC but the GIS resolution may be limiting especially in the case of small-scale planting or agro-forestry systems. Otherwise, some approximation can be done by comparing increased land areas under the studied crops and decreased land areas under relevant land use types ). This method is however not relevant for agroforestry systems or shifting cultivation. In the case of indirect LUC, the identification must be based on a multi-disciplinary modelling of global land uses (Schmidt 2007; Kløverpris et al. 2008) , including market analysis and price consideration, which can be highly volatile. 2. The quantification of LUC impacts suffers from a lack of both consensual methodological framework and accurate data, especially for perennial cropping systems (see paragraph about land use doubts subsist on the scientific and geopolitical justification of some key parameters such as the timeframe for carbon storage, amortisation for carbon release or other methods of accounting for time preference (Fearnside 2002; Müller-Wenk and Brandão 2010) .
Finally, issues related to LULUC in LCA are exacerbated in the case of tropical crops such as palm oil or sugarcane for instance. Indeed, impacts of LUC may be particularly severe in tropical regions where natural vegetation is still dominant but fast decreasing due to the pressure of both industrial and agricultural developments. Tropical natural vegetation stands represent hot spots of both biodiversity and carbon stocks (Laumonier et al. 2010; Barlow et al. 2007 ). Some of these stands are also found on peat lands, whose drainage for agricultural purpose can have drastic impacts on soil carbon losses and greenhouse gas emissions or increased susceptibility to fire (Wetlands International 2010) . Moreover, LUC may induce slash and burn practices, whose impacts may be still not fully addressed and quantified in LCA. Last but not least, perennial crops in the tropics are commonly associated with other crops in agroforestry systems. In these cases, assessing the land use impacts related to all crops or to one taken separately may require specific research and methodological developments.
Specific challenges for agroforestry systems
Some perennial crops, for instance coffee and cocoa, are cultivated in association with one or more other plants, such as nitrogen-fixing plants (e.g. Inga densiflora), fruit-bearing trees (e.g. banana) or annual crops (e.g. cassava). For some other perennials, such as palm oil, crop mixing is also widely used to generate income in the first years of the plantation (Malézieux et al. 2009 ). The existence of trees with crops defines an agroforestry system (Malézieux et al. 2009 ). Multispecies systems, such as agroforestry systems, tend to be presented as more sustainable than mono-specific cropping systems for a range of reasons including, (1) biodiversity preservation and consequent greater resilience, (2) reduced use of fertilisers due to increased nutrient recycling and nutrient-use efficiency, (3) soil conservation and water quality thanks to increased soil cover and reduced runoff and (4) income stability due to diverse income sources and lower dependence on external inputs and product prices, etc. (Malézieux et al. 2009 ). In counterpoint to these claims, some scientific publications report lower yields of the main crop due to resource competition (Siles et al. 2010) , which the income from the secondary crop may not compensate and which may lead to plantation expansion, with a risk of further encroaching on primary forest; and higher emissions of N 2 O from nitrogen-fixing plants, when compared with a single crop system using inorganic fertiliser (Harmand et al. 2007; Hergoualc'h et al. 2008) . Hence, advantages of multispecies systems should not be over-generalised and further studies are needed to understand clearly the mechanisms governing beneficial effects of multispecies systems and better assess the potential ecological services that these systems may provide (Malézieux et al. 2009) .
From a methodological point of view, such agroforestry systems raise the question of impact allocations between associated crops. Several issues need to be taken into account in this respect. First, agroforestry systems are highly diversified so that different approaches and methods may be needed. In this regard, three interconnected dimensions need to be considered. The first dimension is the spatial arrangement of the crops, both in vertical and horizontal directions. The second dimension is the timing of crop developments, which is correlated to the spatial dimension. The last one is the functional dimension of the diverse crops, i.e. cultivated for their products or as providers of specific functions such as shade or N fixation. In traditional LCA, time and space are hardly accounted for, whereas the system function is the basis for the calculation. LCA of agroforestry systems should therefore seek a comprehensive description and quantification of costs and services of all crops within the system. The second issue relates to identifying and quantifying all services of an agroforestry system, which is a complex matter especially due to collective dynamics that may lead to emergent properties that cannot be deduced from species properties alone (Malézieux et al. 2009 ). Finally, due to these interactions between crops it might be virtually impossible to allocate costs and services to the diverse crops only based on objective measurements.
Within this context, in a first attempt, we suggested to adopt two different approaches depending on the system complexity and data availability. In the case of simply structured systems, such as sequential or row agroforestry (Table 1 in Malézieux et al. 2009 ), performances and impacts could be quantified for each crop individually, based on corresponding crop performances and impacts assessed in single-crop systems. To this end, input and output flows to the pure-stand cropping system would be multiplied by the inverse of the Land Equivalent Ratio (LER, Mead and Willey 1980 p/51 in Malézieux et al. 2009 ). This ratio indicates the amount of land needed to grow two species together instead of as pure stands while reaching the same yields. For LER 0 1, inter-and intraspecific interactions are equivalent; for LER < 1 mixed systems show a yield disadvantage; and for LER > 1 mixed systems show a yield advantage (Malézieux et al. 2009 ). This approach, based on the yield function, may be applied when data on pure-stand cropping systems and yields of mixed system are available and may be particularly interesting to get a first insight into a mixed system advantages and impacts.
In the case of complex agroforestry systems (Table 1 in Malézieux et al. 2009 ), a more data-intensive approach will be necessary whatever the chosen system boundary and functional units. Depending on the goal and scope of the study, a surface-based functional unit (e.g. 1 ha) may be chosen and help discriminate several option for land uses while accounting for the environmental service of crop associations. It might however not be sufficient when comparing agroforestry systems or looking for optimisation strategies to enhance services provided by specific crops or reduce specific impacts. In this last case, detailed data will be needed to characterise both the mixed cropping systems (patterns of fertiliser and pesticide applications, yield distributions in space and time etc.) and identify the diversity of services provided and input/output flows related to each crop. Participatory methods might be a good option for both service identification and classification according to local people's priorities in order to orient allocation choices (Cardoso et al. 2001; Jagoret et al. 2011) . Weight and economic allocations may be used, with economic allocations possibly more relevant in most cases, due to the usually large differences in economic value between the primary and secondary crops, e.g. coffee beans for exportation associated with bananas for local consumption. Beyond weight and economic allocations, the value of the secondary crop for food security of the farming community may also be relevant for inclusion in the allocation method. If a unique functional unit is not relevant for all mixed crops, potentially leading to an inconsistent allocation of burdens, a final option may also be to consider several functions provided by the agroforestry system and calculate a vector of life-cycle impact scores per impact category depending on the functional units chosen.
Among the LCAs reviewed in the present paper, no crop association system was modelled. The directions suggested in this paper for developing LCA of agroforestry systems must be tested against data availability and methodological bottlenecks. A large research effort is potentially still needed to succeed in applying LCA methodology to agroforestry systems.
Conclusions
This review was based on a large number of studies covering a wide range of perennial crops all over the world. There was a great heterogeneity across these studies in terms of goal and scope, methodological choices and data sources especially concerning the farm stage. Apart from a very few detailed studies, mostly Ph.D. theses, very little attention was paid to take into account the agronomical specificities of perennial cropping systems within the LCA. It may be due to both a lack of focus on the farm stage, given the goal and scope of the studies or the lack of data and appropriate models, and a lack of methodological guidelines to account for the whole perennial cycles and agricultural specificities.
A general methodological framework was proposed to account for the whole lifespan of the perennial crop within LCA. This framework should help harmonise calculations among perennial crop LCAs and allow for a sounder comparison with annual crops. Nevertheless, further research works as well as methodological developments are still needed to keep on improving LCAs of agricultural and perennial crop products:
-To produce data sets on perennial cropping systems, including detailed inventories of agricultural management at each stage (nursery to senescence) and subsequent field emissions (with field measurements where possible). These data sets should help increase the representation of perennials and the robustness of statistical models. Emphasis should be also put on describing agroforestry systems and the multiple services they may provide; -To work on methodological developments to assess the life cycle impacts of agroforestry systems within LCA; -To develop mechanistic models to account better for biogeochemical specificities within perennial agroecosystems, both in temperate and tropical regions (e.g. mechanistic models that could better simulate nitrification and denitrification, mineralisation and other microbiological processes together with the dynamics of perennating organs and re-mobilisation mechanisms); -To focus on tropical cropping systems, whose high diversity contrasts with the low rate of data available, should the data sets not exist or not be published.
